To determine population variation in the androgen receptor (AR) and its association with body composition in a subsistence population we sampled 87 settled and 65 nomadic males ages 20+ among the Ariaal of northern Kenya. Anthropometric measures included height, body mass index (BMI), fat free mass (FFM), upper arm muscle plus bone area (AMPBA), % body fat (%BF), suprailliac skinfold (SISF), and waist to hip ratio (WHR).
A bstract
To determine population variation in the androgen receptor (AR) and its association with body composition in a subsistence population we sampled 87 settled and 65 nomadic males ages 20+ among the Ariaal of northern Kenya. Anthropometric measures included height, body mass index (BMI), fat free mass (FFM), upper arm muscle plus bone area (AMPBA), % body fat (%BF), suprailliac skinfold (SISF), and waist to hip ratio (WHR).
Salivary testosterone (T) was determined from both morning (Am T) and afternoon (Pm T) samples. Hair roots were obtained for genotyping AR CAG repeat length. AR CAG repeat length did not vary between the two sub-groups (overall value = 22.6 ± 3.1).
Multiple regression models, controlling for age and residence, indicate that Pm T was positively associated with all measures of body composition. AR CAG repeat length was a significant positive predictor of height, FFM % BF, SISF and waist circumference There was a significant negative Pm T by AR CAG repeat length interaction in predicting all measures but AMPBA. These findings provide evidence for population variation in AR CAG repeat length and suggest that both T and androgen receptor CAG length play a role in body composition in this extremely lean population.
Introduction
Testosterone levels among men vary across populations, with subsistence populations showing lower levels relative to industrialized populations (Ellison et al. 2002) . Lower testosterone levels among men in subsistence populations are thought to reflect energetic limitations (Panter-Brick and Ellison 1996 , Ellison et al. 2001 . Bribiescas (2001 Bribiescas ( , 2005 Bribiescas ( , 2006 has suggested that lower testosterone levels under conditions of poor nutrition would allow the allocation of energy away from muscle toward other somatic functions, including the immune system (Muehlenbein and Bribiescas 2005) .
Current findings support an impact of chronic undernutrition on testosterone levels among men in subsistence populations. Testosterone has been positively associated with markers of energetic status including weight, biceps skinfold and midarm circumference among the Tamang of Nepal (Panter-Brick and Ellison 1996) , body fat among the Turkana and Ariaal of Kenya (Campbell et al 2003 (Campbell et al , 2006a (Campbell et al , 2006b ) and fat free mass among men in Harare, Zimbabwe (Lukas et al. 2005) . Furthermore, Lukas et al. (2005) found a relationship between height and afternoon testosterone values in men under 60, which they interpret to indicate that the effects of testosterone may be primarily associated with the development of overall body size (and potential muscle mass) at puberty, rather than the maintenance of muscle during adulthood per se.
However, previous analyses have not taken into the account the potential effects of the androgen receptor (AR). Increasing number of CAG repeats in the AR reduces the efficiency with which the AR receptor transduces the cellular effects of testosterone (Berlin et al. 2000) , modulating the effect of testosterone on androgenic tissue, including spermatogenesis and bone mass . The number of AR CAG repeats has been associated with age-related changes in testosterone (Krithivas et al. 1999 , Walsh et al. 2005 . In addition, the number of CAG repeats have been positively associated with BMI (Alevizaki et al. 2003) , body fat, Zitzman et al. 2003) and fat free mass (Walsh et al. 2005) , but not the effects of testosterone on muscle mass (Woodhouse et al. 2003 ).
Thus we chose to investigate the potential role of AR CAG repeat length on body composition among the Ariaal, pastoralists of northern Kenya. Studies demonstrating shorter CAG repeats among both Africans (Kittles et al. 2001 , Esteben et al. 2006 ) and African-Americans (Kittles et al. 2001) suggest that the Ariaal may also exhibit shorter CAG repeats, increasing the impact of testosterone on body composition in this population. Previous research has demonstrated both chronic undernutrition and low testosterone levels among the Ariaal, along with a lack of age-related decline in testosterone (Campbell et al. 2003 (Campbell et al. , 2006 , accentuating the role of energetic limitation.
In addition, the existence of settled and nomadic sub-populations that are culturally and genetically similar but vary in terms of ecology allow for the investigation of gene by environment interactions. Thus, the Ariaal are an apt population for investigating the role of the AR in modulating the effects of testosterone on body composition.
Based on earlier results, we expect to find shorter CAG repeats on average among the Ariaal compared to non-African populations. Furthermore, because the AR mediates the androgenic effects of testosterone on target tissues we predict that individuals with fewer AR CAG repeats will show a stronger effect of testosterone on body size and body composition.
M aterials and M ethods
Study Site The Ariaal are pastoral nomads inhabiting both upland and lowland regions around the Ndoto mountains in Marsabit District, Kenya. First appearing in oral history in the 1880s, they are derived from groups of poor Rendille and Samburu who banded together to build up their herds in the mountains. Culturally, they still exhibit features of both Rendille and Samburu, including Samburu age-set rituals and Rendille annual camel blessings (Fratkin 1998 ).
In terms of subsistence, the lowland Ariaal herd camels which tolerate the arid conditions well, but are bothered by ticks at higher elevations. The Ariaal depend on their animals for nutrition in the form of milk, blood and meat. Milk is the staple, providing as much as 75% of the calories and 90% of the protein intake during the wet season for the n nomads (Fratkin 1998) . Lowogosa, the nomadic encampment we sampled for this study is located approximately 45 minutes from the settlement of Korr and 3 hours from the town of Logologo, by vehicle. The nearest clinic is in Ngrunit about 40 minutes away.
Children do not attend elementary school.
In contrast, upland Ariaal herd cattle, which need more water and are not bothered by ticks. In addition, the upland Ariaal also tend crops, primary maize. In Songa, the village we sampled, the existence of irrigation supports the production of crops including oranges that are sold in the nearby town of Marsabit, approximately 45 minutes away.
Songa also includes an elementary school and a nurse's station. Waist to hip ratio (WHR) was calculated as waist circumference/ hip circumference. We chose to use waist circumference rather than waist to hip ratio (WHR) in our regression analyses because several studies have concluded it is a better measure of abdominal obesity (Clasey et al. 1999 , Ponliot et al. 1994 ).
Age. During interviews, ages were estimated with reference to an event calendar and age set membership, and further ambiguities checked with local assistants (see Gray and Campbell 2005 for further details).
Salivary Testosterone Saliva samples were collected using standard methods (Ellison 1988) annealing at 55°, 1 min extension at 72° and one final extension of 7 minutes at 72°. PCR products were analyzed on an ABI 3100 genetic analyzer using GeneMapper 3.7 (ABI).
Four random samples were sequenced for length confirmation. The number of trinucleotide repeats was calculated by subtracting 214 bp from the product then dividing by three. The number of repeats ranged from 15-34.
Statistical Analysis
AR CAG repeat length showed no significant main effect on body composition or age as a continuous variable, so we split AR CAG repeat length into high and low groups. We first tried a median split (<=22 vs. >22), as used previously (Walsh et al. 2005 ), but a split at 20 (<=20 vs. >20) as used by Harkonen et al. (2003) produced stronger results so we chose to use it for the remaining analyses.
Next to determine if CAG repeat length had an impact on age related patterns of testosterone we ran separate linear regression models with Am and Pm salivary testosterone as the outcome variable and AR CAG repeat length as the predictor. Age and residence were included as controls. Given our cross-sectional data we expected the impact of AR CAG repeat length, if any, to show up as an interaction between CAG repeat length and age. We modeled the interaction of CAG repeat length and testosterone as linear, as done previously (Krithivas et al. 1999 ).
Then to determine the relationship of AR CAG repeat length and testosterone on body composition, we ran separate regression analyses for height, BMI, FFM, AMPBA, %BF, and WHR. Age and residence were included as controls, and Pm T, AR CAG repeat length and their interaction were included as predictors. Again, the interaction of testosterone and AR CAG length was modeled as linear based on previous findings demonstrating a significant effect (Walsh et al. 2005) . We checked for interactions between all of the predictive variables and where there was a significant interaction it was kept in the model when additional variables were added. Models using Am T yielded similar results, but were highly dependent on individuals with the 3 highest Am testosterone values and are not shown here.
Results Table 1 shows measures of body composition for the entire sample as well as by residence. The overall average BMI of 17.8 ± 1.9 kg/m 2 is less than the cut-off of 18.5 kg/m 2 indicative of chronic energy deficiency (Ferro-Luzzi et al. 1992) ; the overall average body fat of 9.9% characterizes a lean population. When comparing the two subpopulations, waist circumference as well as suprailliac and periumbilical skin folds are significantly greater among settled males suggesting greater abdominal fat reserves compared to the nomadic males despite the lack of difference in overall % body fat.
----- Table 1 about here ----- Figure 1 shows the frequencies of AR CAG repeats by residence. Overall, the number of CAG repeats ranges from 15 to 34, with a median of 22.5 and an overall average of 22.6 ± 3.1. Settled and nomadic males show no difference in either the median (22.5 for both groups) or average length of CAG repeats (22.6 ± 2.9 vs. 22.7 ± 3.4; p = 0.70 by T test).
----- Figure 1 about here ----- Table 2 shows anthropometric values by AR CAG repeat length <= 20 and > 20.
Men with shorter AR CAG repeat length exhibit a significantly greater waist circumference and WHR ratio. None of the other anthropometric measures differ between the two groups.
----- Table 2 about here ----- Table 3 shows the result of analyses of the relationship of AR CAG repeat and age-related testosterone. Neither Am nor Pm testosterone shows a significant association with AR GAG length (split at CAG = 20), or a significant interaction between AR GAG length and age.
----- Table 3 about here ----- Table 4 shows the results of multivariate analyses of body composition testing for the predicted interaction between Pm testosterone and AR CAG repeat length. Pm testosterone is a significant positive predictor for all the variables but height and AMPBA
for both of which it shows a trend. AR CAG repeat length is a significant positive predictor of height, FFM, % BF, waist circumference and SISK, and shows a trend for BMI. The interaction term Pm testosterone X AR CAG repeat length is a negative significant predictor for all of the variables tested, with the exception of AMPBA. The negative sign of the -coefficient means that men with shorter CAG repeats show a stronger relationship between Pm testosterone and body composition.
----- Table 4 about here -----
Discussion
The results presented here are of interest in three ways. First, they indicate a greater number of AR CAG repeats among the Ariaal compared to those previously reported for other African populations (Kittles et al. 2001) , suggesting greater variation in the length of CAG repeats marker among African populations than previously recognized. Second, they provide evidence that AR CAG repeat length modulates the impact of testosterone on overall body size and body composition, particularly adipose tissue. Third, they point to a close association between central adiposity and testosterone as previously reported in western populations (Svartberg et al. 2004) . Together these results suggest that the androgen receptor plays an important role in modulating energetic allocation among men under conditions of energetic limitation.
F requency of C A G repeats
The Turning to the Ariaal sub-population comparison, the lack of a significant difference in CAG length between nomadic and settled Ariaal males is not unexpected.
The two groups separated sometime in the middle of the 20 th century (Fratkin 1998 ) and still maintain close ties by marriage, leaving relatively little chance for genetic differentiation. Thus, differences in average AR CAG repeat length are unlikely to play a role in sub-groups differences in body composition, though the interaction of AR CAG repeat length environmental factors, such as caloric availability could play a role.
AR C A G length and Age-Related Testosterone
The lack of an association between AR CAG repeats and testosterone levels is consistent with several earlier reports (Krithivas et al. 1999 , Harkonen et al.2003 , Canale et al. 2005 . In contrast, the lack of an association between AR CAG repeats and agerelated testosterone is contrary to findings that shorter CAG repeat length is associated with faster age-related decline of testosterone (Walsh et al. 2005 , Krithivas et al. 1999 ).
These earlier findings have been interpreted to suggest that men with shorter CAG repeats are more sensitive to the feedback effects of testosterone. Thus our results may simply reflect the relative lack of an age-related decline in testosterone among the Ariaal.
Association of T and AR CA G Repeats with Body Composition
Pm testosterone, AR CAG repeat length and their interaction all showed significant associations with body composition. AR CAG repeat length was significantly and positively related to height, and FFM, consistent with the suggestion that testosterone is important in determining final body size (Lukas et al. 2005) . Men with more AR CAG repeats are taller, but there is only a marginal effect of Pm T. This suggests that AR CAG repeat length may mediate the effects of testosterone on pubertal growth. Longer CAG repeats may result in less effective testosterone exposure of long bones thus allowing growth to continue and resulting in greater adult height (Zachmann et al. 1976 ).
Our finding that CAG repeat length is a significant positive predictor of FFM and % body fat is consistent with previous results (Walsh et al. 2005 as is the significant interaction of CAG repeat length with Pm T in predicting % BF (Lapauw et al. 2007 ). In addition, the fact that Pm testosterone, but not AR CAG repeat length or their interaction showed an association with AMPBA is consistent with results
showing that testosterone administration in young men increases muscle mass, with no interaction with CAG repeat length (Woodhouse et al. 2003) .
On the other hand, the positive association of testosterone and overall (%BF) and central ( waist circumference ) adiposity is in opposition to results from western samples find a negative relationship between adiposity and testosterone (Allan et al. 2006 , Vermeulen et al. 1999 . Thus this finding requires further consideration.
Mechanisms Linking Testosterone and Adiposity
The positive relationship between adiposity and testosterone among Ariaal men is consistent with previous reports of a positive association between testosterone and body fat among Ariaal (Campbell et al. 2003) and Turkana (Campbell et al. 2006a) nomads.
Both endurance runners and individuals on a low calorie/low protein diet show lower adiposity, insulin and bioavailable testosterone compared to sedentary controls (Fontana et al. 2006) .
Furthermore, elite runners show a positive association between abdominal fat and serum testosterone levels (Hetland et al. 1998) , similar to the positive association of waist circumference and testosterone reported here and in previous studies (Campbell et al. 2003 , Svartberg et al. 2004 ). Thus both low testosterone levels and their positive association with adiposity exhibited by Ariaal men may be presumed to reflect their low caloric diet, and low adiposity, as well as highlighting the importance of abdominal adiposity.
Interestingly, Ariaal men with shorter AR CAG repeats exhibit a stronger positive relationship between adipose tissue and current testosterone levels, contrary to expectations based on the lipolytic effects of circulating T (Herbst & Bhasin 2004) .
Instead the impact of AR CAG repeat length on the association of testosterone and adiposity may act through the effects of energetic status on T production, perhaps by altering the impact of testosterone feedback at the level of the hypothalamus ). Alevizaki et al. (2003) report higher estrogen levels among men with more CAG repeats, suggesting that estrogen feedback might also be involved.
In terms of energy signals, acute hypoglycemia, has been related to reduced LH stimulation and testosterone production in human males (Oltmanns et al. 2001) , while administration of leptin to acutely fasting men stops the decline in testosterone by maintaining LH stimulation (Chan et al. 2003) . Thus to the extent that greater adiposity among Arrial men is reflected in higher blood glucose and leptin levels, it may also be related to higher testosterone levels. However, contrary to expectation, Bribiescas and Hickey (2006) report an inverse relationship between fat and leptin among Ache males, confounding the expectation of leptin as a clear signal of energy stores among chronically undernourished men.
Population Comparison
The Ariaal men sampled here are quite lean with an average body fat of 10%.
The extent to which our results linking testosterone, variation in the androgen receptor 
Summary
Among Ariaal males the frequency of AR CAG repeat lengths is substantially greater and the variance less than those reported for other African populations to date.
Furthermore, variation in both testosterone and AR CAG repeat length play a role in body composition among Ariaal males, suggesting the possibility of selection against androgenicity in this population. Our analyses suggest that variation in AR CAG repeat length is more strongly related to adiposity, particularly abdominal adiposity, than to muscle, consistent with earlier findings from western samples. The positive relationship between testosterone and adiposity reported here is consistent with previous findings in nutritionally stressed groups and may reflect a close association between energetic status and testosterone production among chronically undernourished populations. More work in energetically stressed populations is called for to help understand the mechanisms by which variation in the male reproductive axis is related to energetic status. 
